The crystal structure of the thermostable indoleglycerol-phosphate synthase from Thermotoga maritima (tIGPS) was determined at 2.5 Å resolution. It was compared with the structures of the thermostable sIGPS from Sulfolobus solfataricus and of the thermolabile eIGPS from Escherichia coli. The main chains of the three (␤␣) 8 ؊barrel proteins superimpose closely, and the packing of side chains in the ␤-barrel cores, as well as the architecture of surface loops, is very similar. Both thermostable proteins have, however, 17 strong salt bridges, compared with only 10 in eIGPS. The number of additional salt bridges in tIGPS and sIGPS correlates well with their reduced rate of irreversible thermal inactivation at 90°C. Only 3 of 17 salt bridges in tIGPS and sIGPS are topologically conserved. The major difference between the two proteins is the preference for interhelical salt bridges in sIGPS and intrahelical ones in tIGPS. The different implementation of salt bridges in the closely related proteins suggests that the stabilizing effect of salt bridges depends rather on the sum of their individual contributions than on their location. This observation is consistent with a protein unfolding mechanism where the simultaneous breakdown of all salt bridges is the rate-determining step.
It is important to understand how thermophilic organisms stabilize their proteins (1) (2) (3) . Further insights into the structural features essential for protein stability will improve our understanding of how protein thermostability may have been lost or gained during evolution, and how proteins from mesophilic organisms might be stabilized for industrial applications (4) .
Comprehensive comparisons of structural features of protein families from mesophiles and thermophiles (5, 6) have confirmed earlier observations that the majority of thermostable proteins has an increased number of salt bridges, as compared with their thermolabile counterparts. The picture of salt bridges generally strengthening thermostable proteins has, however, been modified by recent work. Computational studies (7) , as well as tests of specific stabilizing interactions in small proteins conducted by replacing specific residues (8 -11) , have shown that the decisive feature is rather the optimal placement of charged residues on the protein surface.
We are interested in how the (␤␣) 8 Ϫbarrel fold (12) , which is frequently observed in enzymes with quite different functions (13) , is stabilized in thermophilic organisms. We have previously studied the (␤␣) 8 -barrel enzymes phosphoribosyl-anthranilate isomerase (PRAI) 1 and indoleglycerol-phosphate synthase (IGPS), which catalyze two consecutive steps in the pathway of tryptophan biosynthesis. In Escherichia coli (14) , IGPS and PRAI are the covalently linked domains of the bifunctional enzyme eIGPS-ePRAI. The genetically separated ePRAI and eIGPS domains are fully active monomers (15) , but their covalent linkage in the parental protein is advantageous, because it stabilizes the particularly labile eIGPS domain.
Previous comparisons of ePRAI with the thermostable PRAI from Thermotoga maritima (tPRAI) (16) have shown that significant stabilization can be achieved by dimerization (17) , most likely assisted by the larger number of salt bridges in tPRAI (18) . In contrast to tPRAI, the thermostable IGPS from Sulfolobus solfataricus (sIGPS) is monomeric, and structural comparisons (19, 20) suggested that sIGPS is stabilized mainly by having almost twice as many salt bridges as eIGPS. In the same vein, the ␣-subunit of tryptophan synthase from Pyrococcus furiosus, another monomeric, thermostable (␤␣) 8 -barrel protein involved in tryptophan biosynthesis, possesses almost three times as many ion pairs as its orthologue from E. coli (21) . To gain more general insight and to address the question as to whether closely related (␤␣) 8 -barrel proteins use the same mechanism of thermostabilization, we sought another monomeric, thermostable IGPS for structural comparison with sIGPS and eIGPS.
We report here the crystallization and crystal structure analysis of IGPS from the thermophilic bacterium T. maritima (tIGPS). tIGPS is monomeric in solution and extremely thermostable. It is inactivated irreversibly with a similar half-life as sIGPS (11 versus 15 min, respectively, at 90°C) (22) , and it displays the same large number of strong salt bridges. In both proteins the majority of salt bridges is distributed over the protein surface. Interestingly, however, only a few of them are topologically conserved. The main difference is their location on the exposed ␣-helices; tIGPS prefers intrahelical salt bridges but sIGPS prefers interhelical ones. The general conclusion is that stabilization of the (␤␣) 8 -barrel fold can be achieved by both short and long range surface salt bridges and that the location of a salt bridge is less important than its strength as determined by the local geometry and hydrogen bond pattern. The large difference in the rate of irreversible denaturation observed between the thermolabile and thermostable IGP synthases could be because of the additive effect of the simultaneous disruption of all salt bridges in the rate-determining step of unfolding.
EXPERIMENTAL PROCEDURES
Protein Crystallization and Data Collection-IGPS from T. maritima was purified as described (22) . The purified protein was concentrated to 13 mg/ml in a solution containing 2 mM EDTA and 1 mM 1,4-dithiothreitol (DTT) buffered with 10 mM potassium phosphate at pH 7.5. The best crystals were grown by hanging drop vapor diffusion at 4°C by mixing 2 or 4 l of protein solution with 2 l of a reservoir solution containing 8 -11% (w/v) polyethylene glycol 8000 and 160 -180 mM ammonium sulfate, buffered with 100 mM sodium cacodylate at pH 6.0. These conditions are similar to those used for growing crystals of form B of sIGPS (20) .
A complete diffraction data set at 2.5 Å resolution was collected at ϭ 0.8722 Å and 4°C on a MAR research image plate at the SwissNorwegian Beamline of the European Synchrotron Radiation Facility in Grenoble, France, using a single crystal with the approximate dimensions of 0.6 ϫ 0.4 ϫ 0.3 mm 3 . Data were evaluated with the MOSFLM program package (23) . Integrated intensities were scaled with program SCALA (23) and merged using AGROVATA (23) . The reflection intensities were finally converted to structure factor amplitudes with TRUN-CATE (23) . According to symmetry and systematic absences observed in simulated precession photographs, the space group was determined to be either P4 1 or P4 3 . The latter was subsequently confirmed by the molecular replacement solution. Statistics of data collection and processing are summarized in Table I .
Structure Determination-The structure of tIGPS was determined by molecular replacement with AMoRe (24) . A model based on the coordinates of sIGPS (35% sequence identity; Protein Data Bank entry 1JUL) was used for the molecular replacement computations. The N-terminal residues 2-30 and the C-terminal residues 246 -248 were deleted from the search model, because of the lack of sequence identity within these regions. In addition, all non-identical residues except glycine were trimmed to alanine. Cross-rotation searches were calculated in several resolution ranges using an integration sphere of 12 Å and a sampling step of 1°in the resolution range 10.0 -3.0 Å. Translation function computations were carried out for the 50 highest peaks of the crossrotation search. A first clear solution with low R-factor and high correlation coefficient could be identified when space group P4 3 was assumed. This was not the case for space group P4 1 . The relative position of a second NCS-related molecule was found, when the structure factors calculated from the first solution were vectorially added to those generated from the search model in a subsequent translation function calculation. 10 cycles of rigid body refinement with AMoRe, using the data within the resolution range 11.0 to 4.0 Å with both solutions combined, reduced the R-factor to 45.6%, significantly lower than for all other solutions in the peak list. The correctness of this molecular replacement solution was further confirmed by favorable crystal packing.
Refinement-Unless stated otherwise, all crystallographic refinement calculations were carried out with the program package X-PLOR (version 3.1f) (25) . Interactive model building was performed with the graphic programs "O" (26) or FRODO (27) .
The initial model was subjected to a rigid body refinement, treating the two molecules in the asymmetric unit as individual rigid entities. The resolution range was increased stepwise from 11.0 -4.0 to 11.0 -3.0 Å. This gave rise to an R-factor of 46.7% (free R-factor for 5% of the data, 49.8%). Combined solvent flattening, histogram matching, and 2-fold NCS averaging as implemented in DM (23) were used to improve the model phases. A solvent mask was calculated with the program NCS-MASK (23) based on the molecular replacement model but additionally including the N-terminal residues 2-30 of sIGPS (Protein Data Bank entry 1JUL) as poly(Ala) model. Three cycles of phase extension and phase recombination in the "reflection omit" mode improved the electron density map significantly.
A simulated annealing protocol was applied using all data in the resolution range of 30 -2.5 Å with strict NCS constraints. The initial temperature of 2500 K was decreased to 300 K in steps of 25 K, each covering a time interval of 25 fs. This led to an R-factor of 34.0% (free R-factor 40.5%) after 50 additional cycles of positional refinement. In this and in all subsequent calculations, partial structure factors were vectorially added to correct for the scattering contribution of the bulk solvent. Several rounds of positional and B-factor refinement were performed. The NCS constraints were released, and both molecules were refined independently. Electron density maps employing 2F o Ϫ F c and F o Ϫ F c coefficients were calculated, and the model was improved by interactive graphical model building. Water molecules were added and refined. Water molecules with temperature factors above 65 Å 2 were discarded. Tetrahedrally shaped electron density peaks, observed at the phosphate-binding sites of both molecules, were modeled as sulfate ions. Because phosphate was also present during crystallization (the protein sample used for crystallization was stored in a solution containing 10 mM potassium phosphate), partial occupation of these sites by phosphate ions cannot be excluded. The final model has an R-factor of 16.9% for all data in the resolution range 30.0 -2.5 Å (free R-factor for 5% of data 23.3%). More details of the refinement statistics are summarized in Table I . In both molecules, 92% of the residues are in the most favored regions of the Ramachandran diagram (28), whereas 7.6% are in additionally allowed areas. An exception is Ser ) have similar disallowed , angles (14, 19, 20) .
Definition and Analysis of Ion Pairs and Salt Bridges-Ion pairs and salt bridges were detected with the program CONTACT (23) . In this work, the term ion pair denotes an interaction (not necessarily hydrogen-bonded) between a pair of oppositely charged residues with N-O distances below a certain threshold, regardless of their relative orientation. Barlow and Thornton (29) proposed a distance threshold for ion pairs of 4.0 Å. Salt bridges as described in this study are hydrogenbonded ion pairs with a distance between donor (D) and acceptor (A) Յ3.7 Å, angle C adj -D⅐⅐⅐A Ͼ90°, and angle C adj -A⅐⅐⅐D Ͼ90°, where C adj are the carbon atoms covalently bound to the respective donor or acceptor atoms (30, 31) .
RESULTS
Crystallization and Intermolecular Disulfide FormationtIGPS was crystallized with polyethylene glycol 8000 as precipitant, in buffer conditions that were similar to those resulting in crystal form B of sIGPS (20) . The crystals of tIGPS belong to space group P4 3 with cell dimensions a ϭ b ϭ 48.9 Å, c ϭ 248.0 Å and ␣ ϭ ␤ ϭ ␥ ϭ 90°. The asymmetric unit contains 
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two tIGPS molecules, corresponding to a solvent content of 53% (V m ϭ 2.59 Å 3 /Da) (32) . Each of the molecules (designated A and B in Fig. 1a ) contains a sulfate ion bound to the subsite presumably occupied by the phosphomonoester moiety of the substrate during catalysis. Unexpectedly, the molecules A and B are covalently linked by an intermolecular disulfide bond involving the unique residue Cys 102 in loop 2 ␣ 2 ␤ 3 , although the protein stock solutions used for crystallization contained both DTT and EDTA. The mutual orientation of the molecules A and B of the dimer corresponds to an ϳ180°rotation around a vertical axis to the plane (Fig. 1a ). An enlarged view of the interface region is shown in Fig. 1b . The disulfide bond is well defined in the electron density map, and no further significant interactions are observed between the molecules A and B.
Because the connected cysteine side chains of the covalent dimer are solvent-accessible (the accessible surface areas of Cys 102 are 66 Å 2 and 53 Å 2 in molecules A and B, respectively), the intermolecular disulfide bond is readily reduced by DTT (22) . This bond might have been formed by autoxidation either before crystallization or facilitated by the proper orientation of the cysteine side chains in the crystal lattice (33) . Whatever the case may be, the spontaneous autoxidation was not controlled by the experimental conditions, which may explain the difficulties encountered in growing crystals of high quality.
Overall Structure-The superposition of the three main chains (Fig. 1c) illustrates that tIGPS shares the (␤␣) 8 -barrel fold with both eIGPS (14, 34) and sIGPS (19, 20) , including the N-terminal extension of 44 residues and the extra helix ␣ 8 Ј that is located in the loop between strand ␤ 8 and helix ␣ 8 . A unique structural feature of tIGPS is helix ␣ 7 , which is completely in the 3 10 -helical conformation, in contrast to ␣ 7 of eIGPS and sIGPS, where regular ␣-helices are formed.
96% of C␣ atoms of tIGPS and eIGPS are superimposable within a distance cut-off of 3.8 Å (r.m.s.d. 1.42 Å). Applying the same criteria, only 88% of C␣ atoms of tIGPS and sIGPS can be superimposed (r.m.s.d. 1.19 Å). Thus, as judged by the number of superimposable C␣ atoms, the structural scaffold of tIGPS is more similar to that of the thermolabile eIGPS than to that of the thermostable sIGPS. The structural differences between the three backbones, however, are mainly restricted to the N-terminal extension, which contains the extra helix ␣ 0 that forms one wall of the active site. Helix ␣ 0 is longer in tIGPS than in sIGPS, but shorter than its equivalent in eIGPS. As in sIGPS (19) , tIGPS contains an extra helix ␣ 00 at the N terminus of the ␤-barrel. The backbone of eIGPS superimposes well on the traces of helix ␣ 00 of the thermostable IGP synthases, although it was not so assigned in earlier studies (14, 19) . Fig. 2 shows the sequences of tIGPS, sIGPS, and eIGPS aligned according to the superposition of their backbone structures (Fig. 1c) . The alignment of most residues is unambiguous and confirms earlier alignments (35) that were based on the sequences alone. The ␤-strands and ␣-helices of the canonical (␤␣) 8 packing effects are expressed in temperature factors and in the distance of equivalent atoms in superimposed molecules that are related by non-crystallographic symmetry. Fig. 3 depicts the deviations between equivalent C␣ positions of the molecules A and B of tIGPS in the asymmetric unit, after superposition with program "O" (26) . The r.m.s.d. of C␣ positions between molecule A and B is 0.28 Å, which is of the same order of magnitude as described for the sIGPS structures in different crystal forms (20) . The largest deviations of equivalent residues correlate well with areas of high main chain temperature factors (data not shown). It is worth noting that two of the largest deviations observed with tIGPS, namely in the loops ␤ 6 ␣ 6 (residues 180 -190) and ␣ 6 ␤ 7 (residues 196 -204), are not observed when comparing the crystal forms A-C of sIGPS (20) , but coincide with the peaks in the profile of main chain temperature factors of eIGPS (14) . The loop ␤ 6 ␣ 6 carries the invariant residues Arg 181 and Leu 183 adjacent to catalytic residue Asn 179 (cf. Fig. 2 ), indicating that the flexibility of this loop may be important for the relatively large activity of tIGPS at low temperatures (22) . Packing of the Hydrophobic Cores-Changes in the size and packing of internal hydrophobic clusters can influence the thermostability of proteins (36) . The fraction of carbon atoms that are buried (zero solvent accessibility) gives an approximate measure for the extent of hydrophobic interactions within a protein. 53% of all carbon atoms of tIGPS are buried, whereas, applying the same criteria, 61% are buried in sIGPS as well as in eIGPS (19) . Thus, the percentage of buried carbon atoms does not correlate with the relative thermostabilities of tIGPS, sIGPS, and eIGPS.
The hydrophobic core in the interior of the three ␤-barrels is highly conserved. The positions of the side chains located in the four interior layers (37) are numbered in Fig. 2 . Eleven of 16 positions are occupied by identical residues. Five of these identical residues are invariant or highly conserved among 25 sequences. Two of the invariant residues are catalytically essential in eIGPS (Lys 114 and Glu 163 ), and one (Glu 53 ) is catalytically important (38) . The remaining five positions are occupied by similar residues (i.e. Gly/Ala, Val/Ile, and Ala/Thr). Thus, there is no dramatic difference in the packing of the ␤-barrel cores of the three IGP synthases.
Cavities in the interior of proteins are assumed to be energetically unfavorable, due to the reduced number of van der Waals contacts as compared with a more densely packed environment (39) . The number and the size of cavities in tIGPS, sIGPS, and eIGPS were analyzed with the program GRASP (40), using a probe radius of 1.4 Å, and omitting ligand molecules and water from the structure. The molecules A and B in the crystal structure of tIGPS each contain nine cavities with total volumes of 275 Å 3 and 239 Å 3 , respectively. Some of the cavities have identical positions and similar volumes, whereas others are found in only one of the two molecules. sIGPS has three cavities in crystal form A with a total cavity volume of 126 Å 3 , and 130 Å 3 in crystal form B, but only one cavity of 48 Å 3 in crystal form C (20) . eIGPS (14) contains five cavities with a total volume of 142 Å 3 . Thus, no significant correlation is found between the number and the total volume of intramolecular cavities on one hand and the relative thermostabilities of tIGPS, sIGPS, and eIGPS on the other. This observation agrees with the conclusion of a systematic comparison of a large number of thermolabile and thermostable proteins (41) .
Stabilization of Loop Regions-Comparison of the loop regions in tIGPS, sIGPS, and eIGPS reveals one example of a putatively stabilizing amino acid substitution conserved in both thermostable IGP synthases. The backbone conformation of loop ␤ 2 ␣ 2 is nearly identical in tIGPS (residues 82-91; Fig.  4a ), sIGPS (residues 84 -92; data not shown), and eIGPS (residues 88 -96; Fig. 4b ). Although Glu 83 in tIGPS is preserved in sIGPS (Glu 85 ; cf. Fig. 2 ), it is replaced by Asp 89 in eIGPS. As a consequence, in tIGPS (Fig. 4a) (Fig. 4b) , due to its shorter side chain. The improved hydrogen bond network in tIGPS and sIGPS may result in reduced flexibility and higher stability of loop ␤ 2 ␣ 2 as compared with eIGPS.
Helical Propensities-Helical peptides and ␣-helices at the surface of proteins can be stabilized by N-or C-capping (42), as well as by electrostatic interactions of charged side chains with the helix macrodipole (43) . The amino acid composition of the eight canonical ␣-helices of the thermolabile eIGPS, ordered by decreasing occurrence (ARLIQE . . . , cf. Fig. 2) , is similar to the order of helical propensities (ARLKMQ . . . ) (43) . In contrast, the order of decreasing amino acid occurrence within the eight ␣-helices of the two thermostable IGP synthases (ELRAKD . . . ) displays a strong preference for charged residues, particularly the pairs Glu:Arg and Lys:Asp, many of which form new salt bridges (see below).
Salt Bridges- Table II lists the salt bridges (defined as hydrogen-bonded ion pairs) of tIGPS, excluding salt bridges to the bound sulfate, together with the temperature factors of the participating side chains and their solvent-accessible surface areas (ASA). The average values of the molecules A and B in the asymmetric unit of the crystal are presented, because this measure suppresses anomalies caused by crystal packing. Salt bridges with insufficiently defined electron density of one partner were ignored, and multidentate salt bridges were counted only once.
For comparison to tIGPS, only those salt bridges of sIGPS were taken into account that are common to all three sIGPS crystal forms (19, 20) and that conform to the same criteria as those of tIGPS. Accordingly (see Table III ), both tIGPS and sIGPS contain 17 salt bridges, compared with only 10 salt bridges found in eIGPS (19) . The locations of salt bridges in tIGPS, sIGPS, and eIGPS are depicted in Fig. 5 , where the view is down the respective barrel axes, with the active sites on top. The average N-O distances of the salt bridges of both tIGPS (3.1 Å) and sIGPS (3.0 Å) are significantly shorter than the cut-off value of 3.7 Å, indicating that the majority of them are strong salt bridges with good hydrogen bond geometry. In both tIGPS and sIGPS, moreover, 13 and 12 of these 17 salt bridges are on the protein surface.
Only three salt bridges of tIGPS and sIGPS are at structurally equivalent positions (Fig. 5, a and b) . One is between the catalytic residues Glu 47 and Lys 108 in tIGPS (Glu 51 and Lys 110 in sIGPS), which are buried in the active site, and where the mutual orientation of their general acid/base groups is likely to be functionally important (38) . This salt bridge is also conserved in eIGPS (Glu 53 -Lys 114 ). The second common salt bridge between tIGPS and sIGPS (Arg 133 -Asp 182 in tIGPS; Lys 135 -Asp 183 in sIGPS) cross-links the loops ␤ 4 ␣ 4 and ␤ 6 ␣ 6 near the active site, orienting the catalytic residue Asn 179 in tIGPS (Asn 180 in sIGPS) at the C terminus of strand ␤ 6 . The third salt bridge (Lys 190 -Glu 217 in tIGPS; Lys 191 -Glu 218 in sIGPS) cross-links the N terminus of helix ␣ 6 to helix ␣ 7 , perhaps stabilizing one of the bridgeheads of the flexible loop ␤ 6 ␣ 6 (Fig. 3) . It follows that 14 of 17 salt bridges in tIGPS and sIGPS are not topologically conserved.
sIGPS has three and tIGPS has two networks of salt bridges encompassing more than two residues (Tables II and III) . Networked salt bridges may be energetically more favorable than single salt bridges, due to the reduced entropy cost for immobilizing the side chains (36, 44) . Salt bridge geometry, however, seems to be more important for thermostability than networking (45) . Moreover, using the accessible surface areas of the partner side chains as a qualitative criterion, the numbers of exposed and partially buried salt bridges (see Table III ) are almost identical. The rather similar preponderance of salt bridges in the N-terminal halves (N terminus through helix ␣ 4 ) of both tIGPS and sIGPS is mainly due to the extra salt bridges (six in tIGPS and five in sIGPS) within the N-terminal extensions or between these and the respective canonical (␤␣) 8 barrels (cf . Table III) .
In sIGPS (Fig. 5b) , both chain termini are fixed by salt bridges that are absent in eIGPS. In tIGPS (Fig. 5a) , the N terminus is cross-linked by a salt bridge between Arg 2 and Asp 184 (loop ␤ 6 ␣ 6 ). Although Arg 222 in molecule B of tIGPS forms a salt bridge with the C-terminal ␣-carboxylate group (data not shown), the side chain of Arg 222 in molecule A is completely disordered, rendering the existence of a stable salt bridge to the C terminus of tIGPS questionable. The C-terminal helix ␣ 8 is, however, cross-linked to the adjacent helix ␣ 1 by a salt bridge, thus clamping the closure of the (␤␣) 8 -barrel (Fig. 5a) .
The summary given in Table III shows that tIGPS has a balanced distribution of short range salt bridges (spacing n Յ 6 residues) and long range salt bridges (spacing n Ͼ 20 residues). In contrast, sIGPS has three times more long range salt bridges than short range salt bridges. Six of the short range salt bridges in tIGPS are intrahelical, distributed over the helices ␣ 0 , ␣ 00 , ␣ l , and ␣ 8 . By comparison, sIGPS has only two intrahelical salt bridges, and eIGPS has none. The larger number (six versus two) of intrahelical salt bridges in tIGPS is partly (1) . The catalytic efficiency of tIGPS at 25°C is, however, 25-fold larger than that of sIGPS (22) , where the turnover of substrate is ratelimited by the release of the product IGP (46) . The different arrangement of salt bridges (Table III) , together with the increased flexibility of loop ␤ 6 ␣ 6 (Fig. 3) , possibly allows the catalytic center of tIGPS to be more flexible and therefore more active than that of sIGPS at 25°C.
Distribution of Salt Bridges-Systematic structural comparisons of proteins from thermophiles and mesophiles (including sIGPS and eIGPS) (19) have yielded a significant correlation between the increased thermostability and the larger number of salt bridges (5, 6) . On the basis of this evidence, it has been widely accepted that salt bridges play a key role in the stabilization of many thermophilic proteins. However, the distribution patterns of salt bridges in thermostable, monomeric proteins have not been analyzed extensively, because the number of examples of thermostable protein orthologues with known three-dimensional structure is limited. In this study we therefore concentrate on comparing the thermostable orthologues (Table III) and sIGPS have more salt bridges than eIGPS. Note the preference for intrahelical salt bridges in tIGPS compared with interhelical salt bridges in sIGPS. Drawings were produced with MOLSCRIPT (56).
tIGPS and sIGPS with respect to the distribution of their salt bridges.
The half-lives of irreversible thermal inactivation at 90°C (22) of tIGPS (11 min) and sIGPS (15 min) correlate well with the identical numbers of strong intramolecular salt bridges (Ref. 17 and Table III) . Again, this observation indicates that salt bridges are the main contributors to thermostability in both tIGPS and sIGPS. Because the two proteins have only three common salt bridges, apparently for functional reasons, the stabilizing effect of the extra salt bridges seems to depend rather on the additivity of their individual stabilizing contributions than on their particular location (44, 45) .
Not all salt bridges, however, make equal contributions to the stability of tIGPS. Mutational disruption of the salt bridge Arg 2 -Asp 184 , which cross-links the N terminus to the loop ␤ 6 ␣ 6 (Fig. 5a) , increased the rate of thermal inactivation only marginally (22) . This small effect may reflect the fixation of the entire N-terminal extension (residues 1-44) to the body of the protein by seven additional salt bridges (Table III and Fig. 5a ). In contrast, the mutational disruption of the salt bridge Glu 73 -Arg 241 , which cross-links the helices ␣ 1 and ␣ 8 , increases the rate of thermal unfolding 3-fold at 86°C (22) .
The different implementation of salt bridges in tIGPS and sIGPS could be the result of the different phylogenies (5), since T. maritima belongs to the domain of Bacteria and S. solfataricus to that of Archaea. This explanation is unlikely, however, because stabilizing intrahelical salt bridges can be introduced, following relatively simple rules, into the single ␣-helix of small monomeric ␤␤␣ proteins (47) and ␤␤␣␤␤ proteins (48, 49) . Coiled-coil ␣-helix oligomers (50, 51) , the surface of which resembles the girth of (␤␣) 8 -barrel proteins, can be stabilized readily by introducing both intrahelical and interhelical salt bridges. It therefore appears feasible to stabilize eIGPS or other thermolabile (␤␣) 8 -barrel enzymes in a similar fashion by introducing additional salt bridges into the surface positions on the eight canonical ␣-helices of the (␤␣) 8 -barrel.
Kinetic Stabilization-As observed with many thermostable proteins, both tIGPS and sIGPS unfold slowly but irreversibly at 90°C (22) . The simplest mechanism of irreversible denaturation of monomeric proteins is given by Equation 1,
where N is the native structure; D is the reversibly denatured state, and X is the final state, aggregated or otherwise irreversibly unfolded. Accordingly, the rate constant of thermal inactivation (k obs ) is given by Equation 2,
The upper limit of k obs is approached when every molecule that attains the D state is immediately converted to X, that is when k 3 Ͼ Ͼ k 2 , k obs ϭ k 1 . In this case the stability is limited by k 1 as the rate-determining step of unfolding. Plaza del Pino et al.
(Ref. 52 and references therein) have pointed out that, in addition to thermodynamic stability, this kinetic stability of proteins can be biologically advantageous, because it increases the lifetime of their active state with regard to the lifetime of the cell. The contributions of the surface salt bridges to the kinetic stability of both tIGPS and sIGPS may be explained by a model, based on the protein unfolding mechanism proposed for RNase A (53) . During the unfolding of this monomeric protein by guanidinium chloride, the rate-determining transition state is preceded by a high energy intermediate called the "dry molten globule." The hydrogen bonds that maintain the secondary structural elements are still intact, but several of the hydrophobic residues in the core of the protein are already mobilized. Further unfolding of this expanded intermediate requires the simultaneous breaking of all of the hydrogen bonds, accompanied by massive penetration of water into the protein interior. If globular, thermostable proteins like tIGPS and sIGPS unfold via a similar mechanism, i.e. if a similarly expanded state has to be traversed, it appears feasible that an extensive net of surface salt bridges, as observed with tIGPS and sIGPS, could exert a "surface clamping effect" (54) . The extra energy required for the cooperative breaking of the more "resilient" (55) salt bridges, in addition to all other hydrogen bonds, would strongly decrease the rate constant k 1 of the rate-determining unfolding step (N 3 D) , by comparison to the thermolabile orthologue with fewer salt bridges.
